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Ultra-ﬁne-grained high-purity copper (99.99%) deformed by means of high-pressure torsion into the steady-state regime was subjected
to additional rolling deformation. The microstructural changes as a function of the applied strain were analysed by means of orientation
imaging microscopy. It was found that after a distinctive rolling strain a steady state with respect to microstructural features such as
grain size, misorientation distribution and texture evolves again. A special spilt specimen technique was used to perform quasi in situ
observations of the microstructure between additional strain increments. Profound insights into the local deformation and restoration
processes within the steady-state regime were gained. The observations lead to the conclusion that grain boundary migration perpendic-
ular to the rolling direction leads to the disappearance of certain grains, enabling the occurrence of a steady state.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://creativecommons.org/
licenses/by/3.0/).
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In the last decades, severe plastic deformation (SPD)
methods have made it possible to easily apply ultra-high
strains to metals at low homologous temperatures. The
applied strain leads to enormous grain reﬁnement, resulting
in ultra-ﬁne-grained (UFG) or nanocrystalline (nc) materi-
als. However, grain reﬁnement is not indeﬁnite and termi-
nates after a certain amount of strain and the processed
materials reach a steady state in deformation regarding
microstructural features such as grain size, grain shape or
misorientation distribution [1–9]. Additionally, defect
densities such as vacancies or dislocations also remain
constant. This steady-state grain size represents a lowerhttp://dx.doi.org/10.1016/j.actamat.2014.06.010
1359-6454/ 2014 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.
⇑ Corresponding author. Tel.: +43 3842 804 309; fax: +43 3842 804 116.
E-mail address: oliver.renk@stud.unileoben.ac.at (O. Renk).limit for grain fragmentation as additional straining does
not lead to further reﬁnement. The occurrence of a distinct
minimum grain size for a speciﬁc deformation technique at
a given temperature and strain rate is conﬁrmed by deform-
ing a material with a starting grain size smaller than the
steady-state grain size obtained by a certain SPD process.
By doing this, the metal coarsens towards the steady-state
size obtained by deforming a coarse-grained starting mate-
rial [10]. In contrast to the starting grain size, deformation
temperature, amount of impurities and strain rate inﬂuence
the resulting steady-state grain size [1,2].
In the steady-state regime, restoration mechanisms have
to take place at the same time in order to keep grain fea-
tures constant. Estimating the minimum grain size after a
certain SPD process is truly a challenging task; however,
several attempts with contradicting assumptions have been
recently made to predict or model the steady-state grainorg/licenses/by/3.0/).
Fig. 1. Schematic of the experimental setup used for the quasi in situ
EBSD experiments (inset image not to scale).
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state is a consequence of the equilibrium between grain
growth due to adiabatic heating and the reﬁnement caused
by straining. Divinski et al. [12] proposed that cracks
initiate and propagate during SPD and limit the minimum
grain size achievable. If crack initiation can be avoided
during deformation, the steady-state grain size will be
larger than the one calculated by their model. Edalati
and Horita developed a model for predicting the steady-
state hardness of pure metals after SPD as a function of
their atomic bond energy and related parameters [13].
Another model proposed that the minimum grain size is
a consequence of recovery and generation of dislocations,
with the stacking fault energy being one of the most impor-
tant parameters for the obtainable steady-state grain size
[14,15]. In Ref. [1] it was suggested that the mobility of
the grain boundaries should be the crucial parameter for
the occurrence of a minimum grain size during SPD and
larger grains become subdivided again by the formation
of low-angle grain boundaries (LAGBs).
Despite the vast amount of scientiﬁc research in the ﬁeld
of SPD in the last decades and the above-mentioned
recently published models for predicting the minimum
grain size, the actual deformation and restoration mecha-
nisms within the steady state have not been investigated
directly in an experiment due to the obvious experimental
diﬃculties one would have to face. In this contribution
these diﬃculties were overcome by using an innovative
experimental technique. The model material, UFG copper,
was pre-deformed via high-pressure torsion (HPT) into the
saturation regime and deformed further through rolling.
The characteristics of rolling allowed for the use of a split
specimen and to study quasi in situ the processes during the
steady state, applying for SPD standards very moderate
strain increments. The information gained from these
experiments will give valuable input for further modelling
activities.
2. Experimental
UFG copper with an area-weighted grain size of 530 nm
was produced by high-pressure torsion. For that, discs of
pure copper (99.99%) with a diameter of 30 mm and a
height of 6.5 mm were processed with an applied pressure
of 3.5 GPa for 15 revolutions, with a rotational speed of
0.07 rotations min1. This results in a strain of e = 92.1
at a radius of r = 11 mm according to Eq. (1) with the
equivalent plastic strain e, n the number of revolutions,
r the radius and t the specimen thickness:
e ¼ 2pnr
t
ﬃﬃﬃ
3
p ð1Þ
Details concerning the setup of the HPT tool used in this
study can be found elsewhere [16]. Microhardness measure-
ments along the radius of the copper disc were carried out
to ensure that mechanically homogeneous properties were
found across the entire disc, except for the very centre,r < 0.5 mm. The UFG copper discs were subsequently
cold-rolled to diﬀerent thickness reductions in a conven-
tional rolling mill. The strain rate was kept fairly low. As
a consequence, only small incremental thickness reductions
and low rolling speeds were allowed in order to minimize
self-heating of the copper sheet. The strain rate was esti-
mated from Eq. (2) [17] to be _e ¼ 101 s1, where Dt is
the diﬀerence in thickness before and after a rolling pass,
R is the radius of the rolls, x is the angular speed of the
rolls and / is the logarithmic thickness reduction:
_e ¼ 2ﬃﬃﬃ
3
p x/ﬃﬃﬃ
Dt
R
q ð2Þ
The applied rolling strain e (equivalent strain) was
calculated according to Eq. (3), with t1 the thickness of
the copper sheet after cold-rolling and, t0 the thickness of
the as-processed HPT disc (6.5 mm):
e ¼ 2ﬃﬃﬃ
3
p ln t1
t0
 
¼ 2ﬃﬃﬃ
3
p / ð3Þ
Microstructures after HPT processing and after diﬀerent
amounts of additional cold-rolling were captured from
electron backscatter diﬀraction (EBSD) data obtained with
a Zeiss LEO 1525 ﬁeld emission gun scanning electron
microscope (SEM). Grain size was calculated from these
data using an orientation imaging microscopy (OIM) anal-
ysis software package. About 2000 grains were analysed for
each condition. Crystallographic texture of the samples
was characterized using a Rigaku SmartLab ﬁve-axis dif-
fractometer equipped with Cu Ka radiation, a parabolic
multilayer mirror in the primary beam and a secondary
graphite monochromator. The measurements were per-
formed using a Schultz reﬂection technique. The collected
pole ﬁgure data were evaluated using the software
package Labotexe in order to quantify volume fraction
of individual texture components.
Throughout this paper, the cold-rolled material will be
described using rolling direction (RD), transverse direction
(TD) and normal direction (ND), see Fig. 1. In addition to
the microstructural and texture investigations, accompany-
ing microhardness measurements with a load of 300 gf were
carried out. An overview of the single deformation experi-
ments specifying the geometrical changes and degrees of
deformation is given in Table 1.
Table 1
Overview of the investigations carried out on samples deformed to
diﬀerent thickness reductions with h the height of the copper sheets, / the
logarithmic thickness reduction, eCR the strain applied by rolling and etot
the total strain.
h (mm) / eCR etot
6.5 0 0 92.1a
2.68 0.90 1.00 93.1
1.19 1.70 2.00 94.1
0.80 2.10 2.40 94.5
0.35 2.90 3.40 95.5
0.025 5.60 6.40 98.5
0.007 6.80 7.90 100.0
a Equivalent von Mises strain of HPT deformation calculated for a
radius r = 11 mm.
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in situ EBSD experiments were carried out.
The principal idea is to obtain OIM data from the same
area before and after subsequent rolling steps. To do so,
two identical samples were cut out from a copper sheet
with a thickness t = 0.8 mm, after rolling corresponding
to a strain of / = 2.1. The ND–RD plane of the two
samples was ground and electropolished (Elektrolyte D2
from Struers). A LEO 1540 focused ion beam (FIB) dual
beam workstation was used to apply markers in the middle
of the sheet height in the ND–RD plane (see schematic
drawing in Fig. 1). These markers are suitable to ﬁnd
exactly the same areas after the rolling steps and to ensure
that possible drift problems during the EBSD scan are neg-
ligible. The height and width of the markers were measured
before starting an EBSD scan and compared with the
width and height of the markers in the OIM map. To limit
the roughness increase along the ND–RD plane during the
experiment, which would decrease the quality of the EBSD
scans, and to avoid surface eﬀects, the two identically pre-
pared samples were ﬁtted into a brass sheet having a gap
that corresponds to the width of the two copper samples.Fig. 2. Grain boundary maps showing the evolution of the UFG microstructur
/ = 2.1, (d) / = 5.6.The two polished ND–RD planes were brought into con-
tact with each other and inserted into this gap. Due to
the slight expansion of the samples in the TD during roll-
ing, the arising constraint helps the surface roughness to
remain negligible and to study the bulk-like behaviour
(see Fig. 1). With the described setup the samples (already
a / = 2.1) and the brass sheet were cold-rolled to a total
additional thickness reduction of / = 0.7, with reductions
of / = 0.10–0.15 per pass, in the deformation interval from
/ of 2.1 to 2.8. After each of these rolling increments, the
microstructural changes were examined in the FIB marked
areas with EBSD scans.
3. Results
3.1. Microstructural evolution during additional rolling steps
after HPT
Microhardness measurements on the as-processed HPT
disc showed an almost constant hardness of 142 HV for all
radii as the copper disc was deformed to strains that are
large enough to reach a steady state. Saturation of the
reﬁnement after strains of about eP 16 were reported in
a large number of papers (e.g. [1–9]). The corresponding
area-weighted steady-state grain size after HPT processing
at room temperature and the given strain rate was found to
be 530 nm.
To study the change of texture and microstructural
evolution during additional cold-rolling, EBSD and
X-ray diﬀraction (XRD) measurements as well as
microhardness measurements were carried out after
various amounts of thickness reduction (see Table 1).
Grain boundary maps obtained from OIM data of the
microstructures deformed to diﬀerent thickness reductions
can be seen in Fig. 2.
Fig. 3 shows the volume fraction of individual rolling
texture components as a function of the applied thicknesse at diﬀerent thickness reductions: (a) after HPT processing, (b) / = 0.9, (c)
Fig. 3. Volume fraction of texture components as a function of the
applied thickness reduction /. The volume fraction was calculated with a
spread of 15. Three {111} pole ﬁgures show a transition of the shear
texture after HPT processing into the typical fcc cold-rolling texture. They
were calculated from EBSD data at diﬀerent thickness reductions.
Fig. 4. Changes of microstructural parameters and microhardness during
cold-rolling: (a) length of the small and large grain axis as a function of
thickness reduction; (b) microhardness as a function of /.
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tionally, {111} pole ﬁgures for the as-HPT-processed
material as well as the additionally 90% and 300%
cold-rolled material are inserted. From the pole ﬁgures it
is obvious that texture is changing from a shear texture
after HPT processing into the typical cold-rolling texture
for copper. From XRD results it can be deduced that
texture transition is completed for strains larger than /
P 2 where the volume fractions of the individual texture
components saturate. At intermediate thickness reductions
changes in the volume fraction of the texture components
are most pronounced, namely between thickness reductions
of about 0.75 5 / 5 1.25, which is consistent with marked
hardness changes that will be discussed later.
In addition, microstructural parameters such as grain
shape were investigated from EBSD scans. The cold-rolled
structure is elongated, thus the area-weighted half axis of
the small (minor) and large (major) axis of the grain were
calculated as a measure of the grain size. The results of
these microstructural investigations are summarized in
Fig. 4a. The length of the minor axis changed only negligi-
bly during cold-rolling, see Fig. 4a. The length of the long
axis increased during cold-rolling and reached values of
1.2 lm at thickness reductions of /P 2. For larger thick-
ness reductions the length of the major axis remained
almost constant (Fig. 4a). For calculation of the aspect
ratio, the area-weighted length of the minor and major axis
of the grains was used. This corresponds to an aspect ratioof 5 for thickness reductions larger than /P 2, which is
about two times larger in comparison with a HPT pro-
cessed sample. An examination of the grain size distribu-
tion showed that the lengths of the major and minor axes
do not exhibit values larger than 4 lm and 0.75 lm, respec-
tively, in the investigated deformation regime. Therefore,
elongated grains have to be fragmented again as otherwise
the maximum values of the grain axes would change con-
tinuously and exceed the aforementioned maximum values.
During cold-rolling the grains become longer but not
considerably thinner along their minor axis. This indicates
that their mean size has to increase compared to that of the
as-processed HPT disc. For the sake of volume consistency
it becomes clear that certain grains have to disappear dur-
ing cold-rolling. In addition to the microstructural investi-
gations, microhardness measurements were carried out on
the ND–RD plane at diﬀerent thickness reductions.
Fig. 4b shows the microhardness as a function of the
applied thickness reduction /. The values measured con-
ﬁrm the above-mentioned results of grain coarsening dur-
ing cold-rolling at low thickness reductions up to / = 0.9,
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hardness decrease has a minimum at this thickness reduc-
tion, followed by a slight increase again, levelling oﬀ for
/P 2 at hardness values of 130 HV. This steady-state
hardness during rolling is 10% lower than the one
obtained after HPT processing with 142 HV.
The similarity of the texture and microhardness mea-
surements as well as the evolution of the microstructural
parameters show that after thickness reductions of /P 2
no distinct changes with further cold-rolling are observa-
ble. In other words, a steady state was restored, which is
in contrast to earlier results on severely cold-rolled Ni
and Al [18,19]. Surprisingly, the steady-state grain size
obtained by cold-rolling is marginally larger than the grain
size after HPT, which agrees well with the 10% lower
steady-state hardness after cold-rolling.
3.2. Quasi in situ experiments
To scrutinize the microstructural changes within the
newly found steady-state regime, the aforementioned quasi
in situ technique was used. OIMs of six regions of interest,
each of them 5  11 lm2 in size, were continuously
observed between subsequent rolling steps within the
steady-state regime starting already with / = 2.1. The
thickness reduction / per rolling increment was 0.15–
0.20. In total, four of these rolling steps were carried out,
resulting in an additional thickness reduction of / = 0.70,
corresponding to a total thickness reduction of / = 2.8.
Hardness measurements along the ND showed a variation
of only 4%. Although such small gradients are present in
the sheet, these will not aﬀect any of our ﬁndings as always
the exactly same area was investigated (centre layer of the
sheet).
As an example of the measurements, a sequence of
inverse pole ﬁgure (IPF) maps of one of the investigated
areas at additional rolling increments of / = 0, 0.15, 0.30
and 0.50 thickness reductions is shown in Fig. 5. No
clean-up algorithm was applied, as the scan quality was sat-
isfactory enough and clean-ups generally modify the micro-
structure, especially in grain boundary areas, which would
falsify the results. Errors occurring from drift during the
scan can also be neglected for this experiment, as the
dimensions of the FIB markings were identical in the IPF
maps.
Changes with respect to the microstructure during the
additional rolling increments are clearly visible in Fig. 5.
Two exemplary positions, labelled A and B, are circled
and shown at higher magniﬁcations at the bottom of
Fig. 5. From the experiments it can be seen that a sliding
of adjacent grains does not occur on the length scale that
is accessible with these EBSD scans. If grain boundary slid-
ing was the dominant mechanism on the atomistic level a
pronounced shift of adjacent grains after large thickness
reductions should be observable, which is not the case.
Therefore, at least for the given deformation temperature
and strain rate, other mechanisms have to be responsiblefor the occurrence of the steady-state regime. Quite on
the contrary, several grains disappeared during the rolling
steps while others grew at their expense. This behaviour
is clearly shown in the details of Fig. 5, where a growing
grain (grain 2) splits a grain (grain 1 in detail A, B) ﬁrst,
followed by a possible disappearance during further cold-
rolling (grain 1 in detail B). This means that the grain
boundary of the growing grain moves in the ND. This is
surprising as the boundaries aligned in the RD–TD plane
are almost planar grain boundaries, thus having no driving
force for their movement arising from a reduction in grain
boundary energy. Nevertheless, it was shown that shear
stresses can lead to the movement of LAGB but also of pla-
nar high-angle grain boundaries (HAGBs) [20–22]. A dis-
tinct crystallographic relationship between growing and
shrinking grains was not observed either, see Fig. 5. As
the two details in Fig. 5 show, the growing and shrinking
grains do not necessarily need to have a similar orientation,
see Fig. 5, detail A.
4. Discussion
The results of the present study raise several questions
that will be discussed within this section. First of all, it
should be discussed in more detail what mechanisms enable
the steady-state deformation with a constant average grain
size. Secondly, the coarsening of the grains, especially at
low rolling strains, during the transition of the UFG struc-
ture after HPT processing into the cold-rolled UFG micro-
structure will be treated, which ﬁnally leads to a larger
grain size after cold-rolling compared to HPT processing
at the same temperature.
4.1. Mechanisms enabling a steady state
The occurrence of a steady state during plastic deforma-
tion makes restoration mechanisms necessary that, on
average, compensate for the reﬁnement caused by addi-
tional deformation. Potential mechanisms are schemati-
cally shown in Fig. 6. Such mechanisms could be the
movement of grain boundaries leading to the disappear-
ance of certain grains, while others grow at their expense
(Figs. 5 and 6a); the movement of triple junctions
(Fig. 6b), which would also enable the growth of neigh-
bouring grains accompanied by a reduction of the aspect
ratio; or the sliding of adjacent grains (Fig. 6c). From the
experiments carried out, grain boundary migration along
the ND was found to be the dominant restoration mecha-
nism (see Fig. 5). Therefore, the necessary boundary veloc-
ity to balance the reﬁnement caused by plastic deformation
should be estimated.
For the experimental conditions with an average
thickness reduction of / = 0.15 per pass (e = 0.17) and
an average steady-state grain size (boundary spacing) in
the ND of 440 nm a reﬁnement of 61 nm per pass can be
calculated. In other words, each boundary has to move
30 nm in ND for a strain increment of e = 0.17 or
Fig. 5. IPF maps showing the microstructural changes during additional thickness reductions of / = 0, 0.15, 0.30, 0.50 in the steady-state regime during
rolling. Two exemplary positions where characteristic changes are visible are circled and shown in larger magniﬁcation for the ﬁrst three rolling increments
at the bottom. Grain 1 represents the shrinking grain and grain 2 the growing grain.
Fig. 6. Schematic of possible restoration mechanisms enabling a steady
state: (a) grain boundary motion; (b) triple junction motion; (c) slide event
of adjacent grains. Grain 1 represents the shrinking grain, 2 and 3 the
growing grains and 1a and 1b are the fragments of grain 1.
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ment. With a strain rate of _e ¼ 101 s1 and the mentioned
strain increment of e = 0.17 per pass, the time interval Dt
for plastic deformation is 1.7 s and thus the necessary
average grain boundary velocity, v, yields to approximately
v  18 nm s1. This seems to be quite a high value for grainboundary migration at room temperature. Nevertheless,
grain boundary velocities in the same order of magnitude
were experimentally measured in aluminium bicrystals
[20]. These relatively high values were attributed to stress
driven grain boundary motion. Therefore, the steady-state
grain size seems to be a consequence of a dynamic equilib-
rium of grain reﬁnement and mechanically induced grain
boundary migration, which was suggested also in [1]. This
equilibrium condition must be fulﬁlled for the entire
deformed volume and not only for a single grain. In addi-
tion to the mechanically induced boundary migration, tri-
ple junction motion was mentioned of being a potential
restoration mechanism (Fig. 6b) and has recently been
identiﬁed as a recovery mechanism in severely cold-rolled
aluminium [23,24]. The driving force for triple junction
motion increases if the dihedral angle h, as shown in
Fig. 6b, decreases. However, triple junction motion can
neither be excluded nor conﬁrmed by the experiments car-
ried out in this study as the disappearance of a grain after
being split by a migrating boundary could be realized either
by further movement of the grain boundary, by triple junc-
tion motion, or through a combination of both. With the
used experimental technique both possible mechanisms
cannot be separated. Results of the mentioned recent stud-
ies showed that triple junction motion was not frequently
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vated process [23,24]. Therefore, it is reasonable that their
contribution to the restoration of a microstructure within
the steady state at low homologous temperatures should
not be dominant. Exceptions might occur when grains
become thin during deformation, which is also accompa-
nied by a decrease in the dihedral angle h or at higher
homologous deformation temperatures. A more frequent
movement of triple junctions and a higher mobility of the
grain boundaries at elevated temperature would also
explain the observed smaller grain aspect ratio and larger
steady-state grain size at higher homologous deformation
temperatures [1].
As mentioned before, no preferred crystallographic rela-
tion was observed between shrinking and growing grains.
This local observation is supported by the fact that the
volume fractions of the individual crystallographic texture
components do not change within the steady state, see
Fig. 3.
It is of great importance to think of the driving forces
responsible for the movement of the grain boundaries. In
principle, UFG or nc structures possess high latent energy
due to their large fraction of grain boundaries. An estima-
tion of the energy stored in HAGB yields values of the total
grain boundary energy, Egb, of several MJ cm
3. As a con-
sequence of these high values, a reduction of the grain
boundary energy seems likely to be the driving force for
the grain boundary movement. A closer inspection, how-
ever, shows that this cannot be responsible for the typical
rolling structure that consists of a very large grain bound-
ary area parallel to the RD in this study. No grain bound-
ary energy can be saved if an almost planar boundary is
moving. It is even enlarged when a shrinking grain is frag-
mented, see Fig. 6a, because energy would be only saved
when the shrinking grain completely disappears.
Recent results suggest that mechanical stresses seem to
be important for the movement of (planar) boundaries
and often nc or UFG structures showed drastic coarsening
when subjected to high stress levels [22,25–27]. In view of
these results combined with our ﬁndings, the driving force
for the observed grain boundary movement seems to be a
result of local stress diﬀerences between adjacent grains
and not necessarily the high stress levels itself. These stress
diﬀerences can originate from diﬀerences in grain size or
Taylor factor. The stress diﬀerences yield a diﬀerence in
elastic strain energy stored during deformation and a diﬀer-
ence in the plastic work to be spent to accommodate the
external applied strain. In contrast to the grain boundary
energy, plastic work or elastic strain energy can also be
saved when only a small part of the boundary is moving
while the shrinking grain becomes fragmented. Under the
assumption of a linear elastic and ideal plastic behaviour
of the material that is well fulﬁlled in UFG metals, the
plastic work for deformation scales linearly with the stress.
Larger driving forces would result from elastic strain
energies, where the energy is proportional to the stress level
squared.A simple estimation of the maximum elastic strain
energy that can be saved by the movement of a boundary
can be performed as follows. Maximum stress diﬀerences
will arise when a large and a small grain are next neigh-
bours. For simplicity the two grains were regarded as
cuboids of 100 nm and 500 nm in thickness, respectively
(minor axis), 1000 nm in length (major axis) and 500 nm
in width. The values were taken with respect to microstruc-
tural measurements as shown in Fig. 4 and the minimum
and maximum values obtained from the distribution of
the length of the minor axis. The width was estimated to
be the average length measured from OIM recorded along
the ND–TD plane. The yield stress of the 500 nm thick
grain was taken from literature, having a value of
440 MPa [28]. Assuming a Hall–Petch type relationship
(with an exponent of 0.5) the yield stress of a 100 nm
grain can be estimated to be in the order of 800 MPa. This
value is in relatively good agreement with the literature
[29]. With these assumptions one can calculate the diﬀer-
ence in elastic strain energy density to be 2 MJ m3,
which corresponds with a driving pressure on the boundary
of 2 MPa. Literature values for the driving pressures dur-
ing recrystallization of cold-worked metals are within this
range, namely 2–20 MPa [30]. The activation energies for
the migration of a HAGB are 1019 J or 1 eV per atom.
For hot-working or static recrystallization processes it
seems clear that this movement is thermally activated. This
is not the case for deformation at room temperature and so
it is reasonable to assume that plasticity is necessary to
overcome this activation barrier. Despite the clarity of this
simple estimation, the assumption will bear further scrutiny
with suitable experiments.
As previously mentioned, the local stress diﬀerences
between two adjacent grains could also arise from diﬀer-
ences in the Taylor factor. To analyze this, careful investi-
gation of the IPF maps of the quasi in situ experiment in
combination with the Taylor factors calculated for rolling
were conducted. The results are shown in Fig. 7. In the
IPF maps at the top of Fig. 7 it can be seen that grain 1
fragments as grain 2 grows. The direction of the grain
boundary movement is indicated with an arrow. Taylor
factor maps are plotted underneath, encoded with colours
in a rather small factor interval to better visualize their
diﬀerences. It can be seen that the fragmented grain (grain
1) has a Taylor factor 50% larger than the growing grain
(grain 2). The same is true for shrinking grain 3, which
has a larger Taylor factor than the adjacent grain. Also,
for most of the other positions where grains disappeared,
stress diﬀerence due to diﬀerent Taylor factors and/or
diﬀerent grain sizes appeared.
It should further be mentioned that growing grains
could also shrink again as, due to crystal rotation (see
Fig. 5), their Taylor factor is changing during deformation.
Additionally, grains could also get into contact with an
adjacent grain of similar size or similar Taylor factor,
which would also minimize the driving force and lead to
reﬁnement again. This is indeed necessary to obtain a
Fig. 7. Possible driving force for grain growth. The IPF maps of a region where a grain shrinks and fragments (grain 1) during additional rolling are
shown. The Taylor factors are plotted beneath at diﬀerent scales for a better visualization of the diﬀerences. The growing grain (grain 2) shows
considerably lower Taylor factors than the fragmented (grain 1) one.
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grains do not become arbitrarily large. In Ref. [1] it was
suggested that larger grains become subdivided again
through the increase of LAGBs having a high-angle grain
boundary character with increasing strain. However, such
a mechanism has not been observed here. On the contrary,
it seems that grain boundary motion itself limits the maxi-
mum length of the grains.
4.2. Structural transition and steady state after cold-rolling
Studying the microstructural transition from HPT-pro-
cessed copper to the steady-state structure after cold-roll-
ing revealed that a pronounced coarsening up to
thickness reductions of / = 0.9 took place, see Fig. 4.
The accompanying drop in hardness was followed by a
slight increase. The steady-state hardness had a value of
130 HV, which is 10% lower than the corresponding
steady-state value after HPT processing (see Fig. 4b). The
observed behaviour during this structural transition that
ﬁnally leads to the steady state discussed in the previous
section can be explained as follows. Texture componentshave to change from a shear texture after HPT processing
into the face centred cubic (fcc) rolling texture. Further-
more, the volume fraction of certain texture components
has to increase (see Fig. 3). This process is completed with
the onset of the steady state after /P 2. As the same tex-
ture occurred for cold-rolled coarse grained fcc materials
[31], one can conclude that plastic deformation is still dis-
location-mediated. A similar behaviour was also observed
for cold-rolled UFG copper processed by equal channel
angular pressing, although smaller thickness reductions
were applied [32]. In principle, the texture change can be
realized by either crystal rotation and/or shrinkage of
grains having an unfavourable orientation for rolling. As
coarsening was observed during the initial stage of cold-
rolling and the minimum hardness measured corresponds
well with the formation of rolling texture components
(see Figs. 3 and 4b), the latter proposed mechanism seems
to be the dominant one although lattice rotation cannot be
excluded. This hypothesis is conﬁrmed by comparing the
distribution of the Taylor factor of microstructures
deformed to diﬀerent thickness reductions (see Fig. 8).
From Fig. 8 it is clearly visible that the UFG structure
Fig. 8. Distribution of the Taylor factors calculated for cold-rolling for
microstructures at diﬀerent thickness reductions.
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rolling as 20% of the grains have a Taylor factor larger
than 3.7. An increasing thickness reduction leads to a
decrease in the number fraction of less favourably oriented
grains. It has been stated that the driving force for the
observed grain boundary motion arises from local stress
diﬀerences due to diﬀerent grain sizes or Taylor factors.
Regarding the above-mentioned results the latter one
seems to be dominant up to thickness reductions / < 1;
however, the maximum possible diﬀerence in Taylor factor
between grains diminishes with increasing strain (see
Fig. 8). This in turn leads to smaller driving forces for
the grain boundary movement with increasing thickness
reduction. As a consequence the reﬁnement per strain
increment is larger than the restoration rate, resulting in
a net reﬁnement of the structure until an equilibrium con-
dition between these two competing processes is reached.
This explanation is in good agreement with the experimen-
tal results (see Figs. 4b and 8). Despite this, the 10% lower
steady-state hardness value after cold-rolling is not satis-
factorily explained above.
A strain rate diﬀerence between HPT and cold-rolling
could principally explain the diﬀerent steady-state grain
size [1,4]. The strain rate during cold-rolling
ð_e ¼ 101 s1Þ was, however, larger than in the case of
HPT ð_e ¼ 103 s1Þ, which contradicts this simple explana-
tion. Eﬀects resulting from heating due to plastic deforma-
tion are negligible for both processes as well, because the
strain rates were rather small. Additionally, more plastic
work has to be spent for realizing a certain strain when
the sample is deformed by simple shear instead of rolling,
and so one could expect even a smaller grain size for
cold-rolling [33].
The considerations of a dynamic equilibrium between
restoration and reﬁnement outlined in Section 4.1 lead to
the conclusion that in the case of HPT deformation the
velocity of the boundaries must be lower than during
cold-rolling, leading to a smaller amount of growth perstrain increment accompanied by a smaller steady-state
grain size in the case of HPT. One reason for that might
be the absence of a large hydrostatic pressure during
rolling. There is experimental evidence that hydrostatic
pressure impedes the grain boundary mobility [34] and
similar eﬀects on the steady-state grain size were also
reported for copper processed by HPT with diﬀerent
amounts of applied pressure [2,35]. Thus, it is reasonable
that for copper a contribution to the enhanced grain
boundary mobility during rolling might be due to the
absence of hydrostatic pressure.
5. Conclusion
In the present work UFG copper was processed by HPT
and then cold-rolled to strains until another steady state
was reached. Afterwards, suitable quasi in situ experiments
were carried out to reveal the restoration mechanisms
necessary to obtain this new steady state. The main results
can be summarized as follows:
1. Grain boundary motion along the ND is the dominant
restoration mechanism in the steady state regime during
cold-rolling.
2. Stress diﬀerences between adjacent grains appear to be
the driving force for the observed grain boundary
migration.
3. The deformation process itself has an inﬂuence on the
mobility of grain boundaries and as a consequence aﬀects
the achievable steady-state grain size and hardness.
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